This paper describes the development of an SDR (software defined radio) platform for use in investigating the requirements for implementing many popular standards such as GSM, WiFi and 3G through SDR. The first stage of this work is to generate specifications for an SDR implementation from various wireless standard requirements. The next stage is the development of suitable reconfigurable hardware. The final stage is the development of suitable software for the reconfiguration of the hardware and the implementation of the standards.
I. INTRODUCTION
With the proliferation of modern wireless communication standards and the associated requirements for individual base stations with specific needs the demand for a flexible technology has increased. For instance it is common to find coverage for GSM, WiFi, 3G and WiMax in the same location provided by separate base stations for each standard. A more cost efficient solution could be provided by one unified base station. A technology capable of achieving this is SDR [1] . In an SDR solution the base station would be able to implement each standard by hardware and software reconfiguration.
This paper documents the development of both the software and hardware for a platform to experiment with an SDR implementation. The approach taken is, where possible, to use-offthe-shelf components with the software element implemented on a standard PC running the Linux operating system. Compared with using an FPGA or dedicated DSP processor this approach has the disadvantage of less computing power but it offers much greater flexibility. This paper is divided into three main sections. Section II deals with the generation of the requirements for the SDR testbed from the specifications of the wireless standards. Section III gives in detail the development of the hardware design and its implementation. Section IV presents the software implementation.
II. SDR REQUIREMENTS AND SPECIFICATIONS

A. RF Specifications
The proposed platform is designed to operate in a frequency band from 1.6GHz to 2.5GHz and support the GSM1800, DCS1800, PCS 1900, UMTS-FDD, UMTS-TDD and 802.11b standards. The specifications for the SDR are then derived from these standards. In the above standards the specifications for the radio are characterized by the following parameters: sensitivity, noise figure and third order intermodulation for the receiver; and output power and phase noise for the transmitter [2] . The values specified in the standards for these parameters are shown in Table 1 [3] . The sensitivity requirement for UMTS-FDD is the lowest at -117dBm, thus this is required sensitivity for this system. The IIP3 requirement for this platform is limited by the highest, which is for GSM and is : -18dBm. The NF total must meet the required specifications of 9dB that arise from the GSM standard. The phase noise for the 802.11standard is not specified since this depends on the used modulation scheme. However, the phase noise requirement in 802.11 is more relaxed than the other standards. Hence, the hardest phase noise constraint is for GSM at -154dBc/Hz. The required maximum channel bandwidth is 22MHz, this arises from the 802.11.
B. Baseband Block Specifications
The baseband block has to provide enough data bandwidth between the computer and the ADCs/DACs. It must also provide sufficient data resolution to correctly represent the signals. For this reason the speed and bit resolution of the ADCs/DACs have particular influence on the performance of the system. Each extra bit of resolution improves the SNR due to quantization error by 6dB. Extensive simulations were carried out to determine the optimum number of bits to use in the ADCs/DACs. From the communication standards selected, the most challenging constellation that this platform is required to support is OFDM (Orthogonal Frequency-Division Multiplexing). This is due to the large number of bits per symbol in this modulation scheme. As the bits/symbol increases the SNR requirements of the receiver increase [4] . This is reflected in the number of bits in the ADC. Thus, a constellation such as OFDM, will require more bits than simple BPSK (Binary Phase Shift Keying). For this reason OFDM is used as the worst case example in the simulations described here.
In the receiver the cyclic prefix of the OFDM signal is removed before reaching the uniform quantizer, which adds quantization noise to the signal. This is possible due to the assumption of perfect synchronization between the transmitter and the receiver. The BER (bit error ratio) is calculated through the SNR at the output of the system. Since the OFDM signal introduced into the system is a random process the SNR calculation requires the variance of both information and noise signals. To achieve the BER from the standards the required minimum number of bits in the ADC is sought. Figure 1 shows results from these simulations. These results are given as a function of the number of quantization bits. The number of quantization bits taken for the simulations was: 4, 5, 6, 7 and 8. It can be seen from this figure that at least 8 bits are required to achieve the necessary BER 10 −3 with an efficient SNR in the system. Additional bits are added to allow for signal amplitude variation at the input of the ADC. Thus, 16-bit ADCs can be used which gives 8 bits of dynamic range to allow for amplitude variation in the incoming signal. This corresponds to 48dB of dynamic range available at the input to the ADC. This allows the relaxation of the requirements for the automatic gain control in the receiver.
As the maximum channel bandwidth is 22 MHz a sufficient sample rate is required to satisfy normal Nyquist sampling conditions. A 80Msps sample rate device is used to provide an extra guard bandwidth. However the sample rate of this part is controlled by software. Since 16-bit ADCs are used over a maximum channel bandwidth of 22MHz the total bandwidth results 352Mbps which is within the bandwidth range of the USB2.0.
A USB2.0 link is provided between the computer and the baseband system. This can operate up to 480Mbps. While this interface is not able to support the sustained data through-put of the system this problem is mitigated by the use of buffers in in the baseband block. Table 2 presents the resulting specifications for the design of this system. Although the direct conversion architecture has the disadvantage of DC offset, the image rejection filter is not needed. In addition the problems caused by the DC offset are easier to solve. Direct conversion requires low power dissipation, has easy tuning across large frequency bands, easy design, and lower cost because of the reduced number of components. This guarantees a higher level of integration than with other architectures [2] . Thus the direct conversion architecture has been chosen for this platform in both the transmiter and receiver. This technique directly transforms the RF signal to zero frequencies at down-conversion and from zero frequencies to RF at up-conversion. This approach has image suppression properties. Since the direct conversion architecture does not have problems with image signals, the pre-selection filter specifications at the receiver can be relaxed. Even though this architecture has many advantages compared with other ones, it has to deal with serious problems such as direct-current offset noise and I/Q mismatch [5] . Nevertheless the devices used in this system have been chosen in order to fulfill the requirements associated with these problems. Thus, the maximum I/Q amplitude imbalanced on the platform is 0.3dB with a maximum amplitude phase error of 1 degree and an IIP2 of 25dBm. The maximum baseband DC offset in the conversions stage is -42dBm.
The system is divided into three separate printed circuit boards for implementation. These three sections are : RF transmitter, RF receiver and baseband. Figure 2 illustrates a block diagram of the system.
A. Baseband
The baseband board consists of the ADCs/DACs and USB interface. Figure 3 , illustrates the printed circuit board layout of the baseband platform. This board has a size of 16cmx10cm. 
B. Transmitter
On the transmission side the USB interface is followed by digital-to-analog conversion which is implemented by a MAXIM MAX5875 DAC. Similar to the receiver a pair of low pass filters are implemented using AD8132 opamps. These opamps feed the Analog Devices AD8349 up-converter followed by an Analog Devices ADL5330 VGA (voltage gain controlled amplifier). This VGA drives the Agilent MGA83563 power amplifier. The AD8349 up-converter gets its local oscillator signal from the Analog Devices ADF4360 synthesizer. An RF passband filter is implemented at the antenna using a coupled line microstrip filter.
The above elements of the transmitter are controlled from an 8051 microcontroller on the baseband board. The microcontroller's external 8 bit data and address bus is used to enable, disable and control the various components. This control architecture allows the various control pins to appear as memory locations to the microcontroller. This is achieved using a series of 8 bit comparators and latches.
Four different power supplies are used on this board: 2.5V, 3.3V, 5V and -5V. These are generated by on-board voltage regulators. The layout of the transmitter board is shown on figure 4 . The transmitter board has a size of 16cmx10cm. The white outlined section contains the RF part of the transmitter board. 
C. Receiver
The receiver is implemented using the Agilent MBC13720 LNA followed by the Analog Devices AD8347 downconverter which feeds a pair of low pass antialiasing filters implemented using the Analog Devices AD8132 opamps. An RF passband filter is implemented at the antenna using a coupled line microstrip filter [6] , as in the transmitter section. The analogto-digital conversion is performed by the Linear Technologies LTC2205 which are connected to the USB interface which is implemented using the Cypress Semiconductor CY7C68013.
Similarly to the transmitter, the microcontroller's external 8 bit data and address bus is used to enable, disable and control the various components. Four different power supplies are used on this board: 2.5V, 3.3V, 5V and -5V. The layout of the receiver board is shown on Figure 5 . The receiver board has a size of 16cmx10cm. The white outlined section contains the RF part of the receiver board. 
IV. SOFTWARE DESIGN
The are three different software stacks implemented in this platform.
Microcontroller stack:
This code, written in C, implements the embedded control functions such as the frequency synthesizer centre frequency selection, VGA power control and device enabling and disabling. It also manages the baseband board side of the USB interface. The compiler used is the SDCC (small device C compiler). The compiled binary file is transferred to the microcontroller over the USB interface at USB connection time. This allows the updating of the embedded firmware to be updated each time the USB connection is made.
PC driver:
This code implements a be-spoke USB driver for the device. This driver provides separate USB end points for configuration control, data input and data output. The configuration information is transferred in 64 byte packets to the microcontroller memory locations stated earlier, enabling direct control of hardware components from the PC. The data is transferred in 512 byte packets, to and from FIFOs on the microcontroller side, to and from buffers on the PC side. The control and data interfaces are accessed on the PC side through a pseudo-file. 
V. RESULTS
Results are presented for simple BPSK and QPSK communication schemes using the SDR platform. In order to obtain these results the demodulator of this SDR platform has been sampled periodically to recover the information signal. For a synchronously sampled symbol, timing has to be derived from the received signal since the propagation delay is unknown at the receiver [4] . Thus, timing recovery has been performed in the PC. For early simulations, the Simulink Matlab environment has been used. However a timing recovery application has been written as part of the platform software stacks. Results for both the system simulated using Simulink and the software code written for the platform are illustrated. Figure 7 shows the receiver implemented in Simulink. The transmitted signal consists of raised cosine pulse with 50% rolloff at 20kbps modulated on to a carrier at 2.21GHz using BPSK and QPSK respectively.
The receiver implements non data added carrier and timing recovery. Figure 8 shows the constellation for a received BPSK signal after timing and carrier recovery. Figure 9 shows the constellation for a received QPSK signal again after timing and carrier recovery. Figure 10 gives the eye diagram for the received BPSK signal. Figure 11 shows an oscilloscope capture of the received signal in the BPSK case before digitization. The carrier recovery software stack is performed us- ing the decision-feedback phase-locked loop(DFPLL). A root raised cosine filter and a carrier recovery system are modeled in Matlab in order to estimate the phase error of each sample and recover the original carrier phase. Figure 12 shows the constellation of both the unprocessed received data and the processed BPSK signal after timming recovery. A photograph of the hardware elements of the platform is shown in Figure 13 VI. CONCLUSION This paper has presented a testbed platform for experimentation with SDR technology. It has used off the shelf compo- 
